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ABSTRACT
Saprotrophy Among Endophytic Fungi
Emily Marissa Weatherhead
Department of Biology, BYU
Master of Science
Endophytic fungi have been found in every terrestrial plant investigated thus far. They
can receive nutritional benefits from their host tissues. Two major modes of nutrition for
endophytic fungi include biotrophy and saprotrophy. In chapter 1, I set out to determine whether
endophytic fungi isolated from Quercus gambelii in Utah, USA were capable of saprotrophy
and, if some were, how much variation in saprotrophic ability exists among them. Because
saprotrophy requires moisture and, in Utah, moisture is largely unavailable outside winter and
early spring, in chapter 2 I set out to determine if any of our isolated endophytic fungi were
capable of saprotrophy under cold conditions (psychrotolerance). If any were, we would then
determine how much variation exists in psychrotolerance among them. Additionally, I tested the
hypothesis that a tradeoff exists between saprotrophic ability under winter and non-winter
temperatures. During these studies, I observed differences in growth patterns among our isolates.
Some grew radially quite rapidly but produced little biomass while others produced a great deal
of biomass but grew radially slowly. Thus, in chapter 3 I investigated the possibility of a tradeoff
between saprotrophic ability in terms of radial growth rate and saprotrophic ability in terms of
biomass accumulation among our isolates at winter and non-winter temperatures. In chapter 1 I
found that a majority of our isolates were saprotrophic at non-winter temperatures, and that there
was a great deal of variability among them in saprotrophic ability. Surprisingly, I found more
variability in saprotrophic ability among isolates within a species than among species, which is
contrary to the assumption of phylogenetic conservation of important traits. Nevertheless, our
results suggest that saprotrophic endophytic fungi have priority over non-endophytic fungi in
litter consumption and, therefore, a significant impact on the decomposer community. In chapter
2 I also found that a majority of our isolates were psychrotolerant and that there was a great deal
of variability among them in psychrotolerance, more of which was found among isolates within a
species than among species. Additionally, I found that there was no tradeoff between
saprotrophic ability at winter and non-winter temperatures, but that instead there was a positive
correlation. Our results suggest that many of these endophytic fungi are capable of saprotrophy
during the cold months of winter and early spring and thus, although the large degree of variation
suggests that there may be a lack of phylogenetic conservation of physchrotolerance within
species, play significant roles in overwinter decomposition and nutrient cycling. Lastly, in
chapter 3, I found that there was no tradeoff between saprotrophic ability in terms of radial
growth rate and saprotrophic ability in terms of biomass accumulation at either winter or nonwinter temperatures. In fact, I found no correlation of any kind between the two saprotrophic
strategies. These results suggest that, at least theoretically, an isolate could simultaneously
possess both rapid radial growth and rapid biomass accumulation and thus be highly competitive,
or both slow radial growth and slow biomass accumulation and thus be poorly competitive,
although our results did not include a significant number of isolates at either end of this
spectrum.
Keywords: saprotophy, fungi, psychrotolerance, endophyte
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Chapter 1
Saprotrophy Among Endophytic Fungi

Abstract
Endophytic fungi can receive nutritional benefits from their hosts. Two major modes of
nutrition for endophytic fungi include biotrophy and saprotrophy. In this study, I set out to
determine if saprotrophy exists among endophytic fungi isolated from Quercus gambelii in Utah,
USA and, if it did exist, to determine how much variability in saprotrophic ability exists among
them. I found that a majority of our isolates were saprotrophic and that there was a large degree
of variation in saprotrophic ability among them. Furthermore, I found that more variability in
saprotrophic ability occurred among isolates within a species than among species, which was
surprising given the assumption of phylogenetic conservation of important traits. Nevertheless,
the results suggest that saprotrophic endophytic fungi may have priority over non-endophytic
fungi in the consumption of litter and a significant impact on the decomposer community.
Introduction
By definition, endophytic fungi occur in living host tissues. They have been observed in
all terrestrial plant species investigated thus far (Arnold et al., 2000). The functional relationship
of an endophytic fungus to its host plant is context-dependent and can range from mutualistic to
pathogenic. Some endophytic fungi are pathogenic in some hosts and not in others (Redman et
al., 2001), or only cause disease under certain environmental conditions (Sieber, 2007), and the
same is true for mutualistic endophytic fungi (Rodriguez et al., 2008a). Some benefits to the host
plant include improved seed germination (Shearin et al., 2018), increased vegetative growth
(Redman et al., 2001), and increased tolerance to stresses such as drought (Malinowski &
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Belesky, 2000; Schardl et al., 2004;), hot or cold temperatures (Redman et al., 2002; Rodriguez
et al., 2008b), salinity (Redman et al., 2011; Rodriguez et al., 2008b), heavy metals (Bilal et al.,
2020) and herbivory (Lyons, et al., 1986; Rodriguez et al., 2009).
Most studies of relationships between endophytic fungi and their hosts have been
phytocentric, focusing on the benefits conferred to the plant by the fungi (Hoveland, 1993;
Malinowski & Belesky, 2000; Rodriguez et al., 2009; Waqas et al., 2012). However, endophytic
fungi also receive benefits from their hosts, including a source of nutrition. One major mode of
nutrition for these fungi is biotrophy, as seen in Class 1, 2 and 4 endophytic fungi (Rodriguez et al.,
2009).
Another major mode of nutrition is saprotrophy. There are at least two potential
evolutionary paths leading to saprotrophy among endophytic fungi. In the first, a group of
biotrophic endophytic fungi can be facultative saprotrophs, changing from being biotrophic to
saprotrophic as proposed by Szink et al. (2016). It is not clear if endophytic fungi are actually
capable of this proposed switching. However, owing to the large amount of energy in the reduced
carbon of litter (Schelsinger, 1977), it follows that there would be selective pressure for evolving
trophic switching. A similar trophic switching by ectomycorrhizal fungi was previously discussed
by Koide et al. (2008) and Meyer (1966). In the second path, a group of endophytic fungi may not
be biotrophic and are simply saprotrophs that evolved to colonize living tissues prior to their
senescence. Thus, through priority (Fukami, 2015; Hiscox et al., 2015), they have competitive
advantage over saprotrophs that only colonize litter (Koide, 2019). The existence of Class 3
endophytic fungi (Rodriguez et al., 2009) is consistent with this hypothesis as they have limited
capacity to colonize live plant tissues.
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Regardless of pathway, clearly the evolution of either trophic switching or pre-colonization
of litter by saprotrophs represent potential mechanisms to increase niche volume and, thus, fitness.
If either occurs, one could expect to find that at least some endophytic fungi isolated from live plant
tissues can be saprotrophic. Evidence of saprotrophy among endophytic fungi is currently limited;
Szink et al. (2016) produced circumstantial evidence of this phenomenon when they reported that
the DNA of some endophytic fungi found in live leaves persists through the decomposition of those
leaves. Additionally, others have reported some endophytic fungal isolates possessing limited
capacity to decompose litter (Hyde and Soytong, 2008; Müller et al., 2001; Sun et al., 2011).
Therefore, I set out to determine 1) if saprotrophy exists among endophytic fungi and, if it does, 2)
how much variability exists among endophytic fungi in saprotrophic ability.
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Materials and Methods
Study sites and leaf sampling
Q. gambelii Nutt. is widely distributed in Utah between approximately 1,200 and 2,400
meters in elevation (Utah State University Extension, n.d.). In order to sample leaves from across
the elevational range of the species, leaf samples were collected on 8 October 2019 at Slate
Canyon (40.13’30.59”N, 111.37’21.9”W), elevation 1,553 meters, in Provo, Utah, and on 24
September 2019 at Devil’s Kitchen (39.48’12.27”N, 111.41’17.96”W), elevation 2,553 meters,
near Payson, Utah. At Devil’s Kitchen, 15 unblemished leaves were collected from each of 7
trees and, in Slate Canyon, 10 unblemished leaves were collected from each of 6 trees, totalling
165 leaves. All leaves were collected from the exterior of south-facing branches to ensure they
normally received the same amount of direct sunlight. All leaves were grouped by tree sampled,
put into plastic bags, and kept within a cooler on ice until deposited into a laboratory refrigerator
set at 5°C.
Fungal isolation
Leaf surfaces were sterilized by submerging leaves in 70% ethanol for 2 seconds,
promptly submerging them in 3% sodium hypochlorite for 2 minutes (Arnold et al., 2000),
rinsing the leaves by submerging them sequentially in three beakers of sterile water, then
submerging, once more, in 70% ethanol, after which they were placed on a sterile, paper-lined
petri dish to dry.
Each leaf was subsampled using a sterilized paper hole punch, taking care to re-sterilize
the punch between leaves from individual trees. Leaf subsamples were put onto 2% malt extract
agar in petri dishes which were sealed with parafilm and incubated at 17°C. If multiple isolates
emerged from a subsample, each was subcultured onto separate dishes. Once cultures of
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individual isolates had grown to a diameter of about 18mm, dishes were moved to a 5ºC
refrigerator to reduce further growth.
Identification of fungal isolates
Six hundred seventy five fungal isolates were sorted into morphological groups based on
color, hyphal growth pattern and mycelial density. Forty isolates were chosen for study, each of
which was subject to direct PCR using APEX 2 Hotstart Master Mix (Genesee Scientific, El
Cajon, CA, USA), ITS1F and ITS4 primers. The thermal cycling program included activation at
95 ℃ for 15 minutes followed by 30 cycles of denaturation (95℃, 30 seconds), annealing (55℃,
30 seconds), and extension (72℃, 48 seconds), then ended with a final extension (72℃, 7
minutes). Amplicons were cleaned using exonuclease I and shrimp alkaline phosphatase (New
England BioLabs, Ipswich, MA, USA) and sent to the BYU DNA Sequencing Center
(https://biology.byu.edu/dnasc) for Sanger sequencing. Sequences were trimmed to exclude
quality scores below 10 in CodonCode Aligner (CodonCode Corporation, Centerville, MA,
USA, v. 9.0.1). The average trimmed sequence length was approximately 530 bp. Sequences
were then searched against the NCBI database using BLASTn to identify fungal taxa. I assumed
a 97% identity for species matches. This method resulted in the identification of 15 unique taxa:
Apiognomonia errabunda (Roberge ex Desm.) Höhn, Cladosporium herbarum (Pers.) Link Ex
S. F. Gray, Cladosporium sinuosum K. Schub., C.F. Hill, Crous & U. Braun,, Coniochaeta
polymorpha Z.U. Khan, J.P. Guarro & S. Ahmad, Antonie van Leeuwenhoek,, Fimetariella
rabenhorstii (Niessl) N. Lundq., Ophiognomonia quercus-gambelii (M. Monod) D.M. Walker,
Ophiognomonia setacea (Pers.) Sogonov, Parafenestella sp. 1, Pyronema omphalodes Bull.
(Fuckel), Saccothecium rubi Jayasiri, Wanasinghe, Camporesi & K.D. Hyde, Tricharina cretea
(Cooke) K.S.Thind & Waraitch, Cladosporium sp. 1, Coniochaeta sp. 1, Helotiales 1 and
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Venturiaceae 1. Some isolates were not identified to species, including isolates in the genera
Cladosporium, Coniochaeta, Parafenestella and Ophiognomonia. One isolate could only be
identified to the order Helotiales and another to the family Venturiaceae.
Determining saprotrophic ability
I quantified the saprotrophic ability of each of the 40 isolates. Fungal inoculum agar
plugs from the outer edges of mature cultures of each isolate were subcultured onto four replicate
petri dishes of each of two treatments: 1) control medium containing starter glucose, 2) leaf
medium containing ground leaves and starter glucose. Two hundred milliliters of control
medium contained 0.400g glucose, 1.784g agar, 0.092g peptone, 0.2ml of 300g CaCl2 L-1, 2.0 ml
of 30g KH2PO4 L-1, and 0.2ml of a solution containing 5g MgSO4 L-1, 3.7g FeSO4 L-1, 1.4g
MnSO4 L-1 and 3.7gZnSO4 L-1. Two hundred milliliters of leaf medium additionally contained
1.436g of ground Q. gambelii leaves (using a 2 mm sieve in a Resch Cyclone Mill) that were
collected from the forest floor in the summer of 2020 from the Slate Canyon site. All petri dishes
were wrapped in parafilm and placed in a 17°C incubator.
Growth rates were determined at 49-53 d, when the agar of each dish was melted in
boiling water for 10 min, the freed mycelia were dried on a lab bench at room temperature for 24
hours and weighed, and the mycelium biomass was divided by the elapsed time, which assumes
that the initial dry weights were zero.
I defined saprotrophic ability to be the difference between growth rate on leaf medium
and growth rate on control medium. To calculate the error associated with that difference for
each isolate, I computed the differences of all 16 possible combinations of the four replicates of
each treatment. Four differences were randomly sampled with replacement 1000 times to
bootstrap a frequency distribution of the difference, and the mean, standard deviation and 95%
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confidence intervals were determined in R (R Core Team, 2018). The R script is provided in the
supplemental materials. If this difference was significantly greater than zero, I considered the
isolate to be saprotrophic.
Statistical analysis
Means and standard deviations obtained from the R script were used to perform an
analysis of variance using the website https://acetabulum.dk/anova.html to analyze the variation
in saprotrophic ability among isolates. A second analysis of variance was performed using
Minitab (Minitab, 2010) to determine if saprotrophic ability differed among species, using
isolates within species as replicates.
Results
Of the 40 isolates, only one (QGsun2.2.A, Ophiognomonia setacea) was not
saprotrophic. The other 39 isolates in the study were saprotrophic. There was significant
variation in saprotrophic ability among isolates (Figure 1). The analysis of variance showed that
isolate was a significant factor (p = 5.81e-61) and accounted for approximately 95% of total
variability, while the variability among replicates within an isolate accounted for only 5% (Table
1).
I performed another analysis of variance on saprotrophic ability of the three fungal
species comprising more than one isolate in order to compare variation among species (Table 2).
The analysis of variance showed that species was not a significant factor (p = 0.627) and
accounted for only 4.1% of the total variability, while isolates within species surprisingly
accounted for approximately 96% of variability (Table 2).
Discussion
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All of my isolates, with the exception of one, were saprotrophic. Thus, saprotrophy
would appear to be common among Q. gambelii endophytic fungal isolates. However, I cannot
say just how common saprotrophy is because I do not know whether I isolated all endophytic
fungi from Q. gambelii. Some endophytic fungi in Q. gambelii leaves may be obligate biotrophs
and cannot be isolated.
Because they colonize leaves before they become litter and thus have priority (Fukami,
2015), saprotrophic endophytic fungi will be among the first decomposers of leaf litter following
leaf death and may therefore have a significant impact on the succession of the decomposer
community (Hiscox et al. 2015). Nevertheless, while saprotrophic endophytic fungi may have
priority in litter, their relative contribution to the decomposition of leaf litter in this system
remains unclear because I am currently unclear as to their ability to compete with nonendophytic decomposer organisms.
Members of a given species are generally considered to be functionally similar
(Hutchinson, 1957). However, that does not seem to be the case in my study with respect to
saprotrophic ability, at least with the three species I analyzed in detail. I found that the vast
majority of variation in saprotrophic ability was attributed to isolate within species, rather than
species. Thus, knowing the species composition of an endophytic fungal community will not be
particularly useful in predicting the decomposition rate of leaf litter.
The very large degree of variation among isolates within a species compared to the
variation among species is somewhat surprising if one assumes saprotrophic ability is
ecologically consequential. However, it may not be consequential. The saprotrophic ability of
these endophytic fungi has not been calibrated against that of the non-endophyte decomposer
fungi that colonize litter once it falls to the forest floor. It is possible that the saprotrophic ability
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of these other fungi dwarfs that of the endophytic fungi, rendering the saprotrophic ability of
endophytic fungi essentially useless, irrespective of their magnitude. Therefore, if
competitiveness of endophytic fungi is thus rendered negligible, there would be no pressure to
reduce variation in saprotrophic ability among isolates within species.
On the other hand, I defined saprotrophy as the ability to utilize oak litter as an energy
source, but it is not clear that these fungi isolated from oak leaves occur only in oak leaves. It is
possible that some of them prefer other types of litter in which growth is quite different from that
in oak litter due to variation in litter chemistry, such as tannin concentration. Therefore, when
determined with their preferred litter types, saprotrophy might possibly be more conserved
within a fungal species more than when determined on oak litter only.
I found that 39 out of 40 Q. gambelii isolates were saprotrophic, but these results are not
representative of all endophytic fungi. The endophytic fungi of Q. gambelii are Class 3
endophytic fungi. Class 3 endophytes have only limited ability to colonize host tissues
(Rodriguez et al. 2009) and, therefore, may have limited biotrophic ability, which suggests that
they may primarily be saprotrophic. On the other hand, Class 1, 2 and 4 endophytes, found in
other types of host plants, are capable of extensive colonization within the tissues of their hosts
(Rodriguez et al. 2009) and, therefore, must be excellent biotrophs. Therefore, there may be less
selective pressure for them to also be saprotrophic, and the high frequency of saprotrophy among
my isolates may not occur among Class 1, 2 and 4 fungi.
The vast majority of my endophytic fungal isolates had significant saprotrophic ability,
which suggests that they may be important to litter decomposition, either by directly
decomposing the litter or by influencing the succession of the decomposer community (Hiscox et
al. 2015). However, I cannot quantify the relative contribution of endophytic fungi to leaf litter
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decomposition because I did not compare their saprotrophic abilities to those of “true” nonendophyte decomposer fungi. Future studies focused on effects of saprotrophic endophytic fungi
on litter decomposition would benefit from calibrating the saprotrophic abilities of endophytic
fungal isolates against those of non-endophyte decomposer fungi.
While most of my isolates were saprotrophic, I cannot determine whether they are
facultative saprotrophs, i.e. biotrophic in living tissues and able to become saprotrophic in dead
tissues (Koide et al., 2008; Meyer 1966; Szink et al., 2016), or if they are not biotrophs at all but
only saprotrophs that have evolved to colonize litter before it is dead (Koide, 2019). Therefore,
future studies could address the various evolutionary pathways leading to saprotrophy in
endophytic fungi.
As with all laboratory studies, the ecological relevance of these results should be
carefully evaluated. This study was carried out in the laboratory under constant temperature,
presumably without moisture or nutrient limitation, and with every isolate grown separately, all
conditions that are not likely to occur under field conditions. Because I do not know how these
factors influence saprotrophic ability of a given isolate, it is not clear the extent to which my
results are relevant to the saprotrophic ability of the various isolates in the field.
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Tables and Figures

Figure 1.1. Saprotrophic ability among isolates. Error bars are 95% confidence intervals.
Table 1.1. ANOVA table for saprotrophic ability among isolates.
Source

df

ss

ms

f value

p value

Among
isolates

39

69.8770

1.7917

57.0561

5.81e-61

Within
isolates

120

3.7683

0.0314

Total

159

73.6453
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Figure 1.2. Saprotrophic ability among isolates, grouped by species. Blue is A. errabunda, red is
O. quercus-gambelii, green is O. setacea, and white are species comprising a single isolate. Error
bars are 95% confidence intervals.
Table 1.2. ANOVA table for saprotrophic ability among species. Species comprising a single
isolate were not included.
Source

df

adj ss

adj ms

f value

p value

Among
species

2

0.5131

0.2565

0.48

0.627

Within
species

22

11.8490

0.5386

Total

24

12.3620
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Supplemental Materials
glucose.vec = c(PASTE HORIZONTAL ARRAY HERE, ADDING COMMAS BETWEEN
VALUES)
treatment.vec = c(PASTE HORIZONTAL ARRAY HERE, ADDING COMMAS BETWEEN
VALUES)
treatment.vec
glucose.vec
combinations = expand.grid(treatment.vec,glucose.vec)
combinations
treatment.comb = combinations[c(1:1)]
glucose.comb = combinations[c(2:2)]
treatment.comb
glucose.comb
difs = treatment.comb-glucose.comb
difs.vec = difs[,1]
BootstrapMean = function(X=difs.vec){
x.boot=sample(X, size=4, replace=T)
mean(x.boot) }
N = 1000
boot.replicate = replicate(1000, BootstrapMean() )
stat = rep(NA, N)
for (i in 1:N){
stat[i] = BootstrapMean()}
par(mfrow=c(1,2))
hist(stat)
abline(v=mean(difs.vec), lwd=2, col = "red")
hist(boot.replicate)
abline(v=mean(difs.vec), lwd=2, col = "red")
BootstrapMean()
mean(difs.vec)
mean = mean(stat)
mean
stddev = sd(stat)
SE = (sd(stat)/sqrt(4))
SE
error = qnorm(0.975)*stddev/sqrt(4)
left = mean-error
right = mean+error
list (mean, stddev, left, right)
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Table S1. Isolate name and species identity.

Isolate name

Species name

QG2.9

Ophiognomonia setacea

QG3.3.A

Cladosporium sp.

QG3.6.A.1

Ophiognomonia setacea

QG4.1.R1

Ophiognomonia setacea

QG5.12.A.1

Tricharina cetea

QG5.4.A

Ophiognomonia setacea

QG5.8.A.2

Saccothecium rubi

QG5.9.A

Ophiognomonia setacea

QG6.6.A.1

Ophiognomonia setacea

QG6.7.A

Cladosporium herbarum

QG7.10

Ophiognomonia setacea

QG7.10.A

Helotiales 1

QG7.10.A.3

Cladosporium sp.

QGshd1.10.1

Ophiognomonia setacea

QGshd1.7.A.4.1

Ophiognomonia quercusgambelii

QGshd1.7.A.4.2

Ophiognomonia sp.

QGshd1.9.A.R2

Cladosporium sinuosum

QGshd2.3.A.2

Ophiognomonia setacea

QGshd3.4.A.1

Ophiognomonia setacea

QGshd3.6.2

Apiognomonia errabunda

QGshd3.9.A.2

Apiognomonia errabunda
14

QGshd5.3.A.1

Ophiognomonia quercusgambelii

QGshd5.9.A.1

Ophiognomonia setacea

QGsun1.6.A.2

Ophiognomonia quercusgambelii

QGsun1.8.A.1.1

Ophiognomonia sp.

QGsun2.2.A

Ophiognomonia setacea

QGsun2.2.A.1

Ophiognomonia setacea

QGsun2.9.A.3

Ophiognomonia setacea

QGsun3.10.2

Ophiognomonia setacea

QGsun3.10.A

Fimetariella rabenhorstii

QGsun4.2.A

Venturiaceae 1

QGsun4.5.A.1

Apiognomonia errabunda

QGsun4.9.A.2.1

Pryonema omphalodes

QGsun5.2

Parafenestella sp

QGsun5.3.A

Ophiognomonia setacea

QGsun5.5.A.2.2

Ophiognomonia setacea

QGsun5.7.A.4

Coniochaeta sp.

QGsun6.6.A

Coniochaeta polymorpha

QGsun6.8

Apiognomonia errabunda

QGsun6.9

Ophiognomonia setacea
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Chapter 2
Psychrotolerance Among Endophytic Fungi

Abstract
Microorganisms capable of metabolic activity at low temperatures are referred to as
psychrotolerant. Saprotrophic fungi require moisture to consume plant litter. Moisture is largely
unavailable in the arid western U.S. outside of winter and early spring,, when temperatures are
generally too low for physiological activity. Thus, I set out to determine if endophytic
saprotrophic fungi isolated from Quercus gambelii in Utah, USA are psychrotolerant, and if a
tradeoff between saprotrophic ability at winter and non-winter temperatures exists among
isolates, which would suggest temperature specialization. I found most of the isolates were
psychrotolerant, with a large degree of variation in psychrotolerance among them. Also, there
was no tradeoff between saprotrophic ability at winter and non-winter temperatures, but instead a
significant, positive correlation. Results suggest that many of these endophytic fungi are capable
of saprotrophy in winter and early spring, and thus may play important ecosystem roles in
decomposition and nutrient cycling.
Introduction
By definition, endophytic fungi occur in living host tissues. They have been observed in all
terrestrial plant species investigated thus far (Arnold et al., 2000). The relationship of an endophytic
fungus to its host plant can range from mutualistic to pathogenic. Some endophytic fungi are
pathogenic in some hosts and not in others (Redman et al., 2001), or only cause disease under
certain environmental conditions (Sieber, 2007), and the same is true for mutualistic endophytic
fungi (Rodriguez et al., 2008a). Some benefits to the host plant include improved seed germination
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(Shearin et al., 2018), increased vegetative growth (Redman et al., 2001), and increased tolerance to
stresses such as drought (Malinowski & Belesky, 2000; Schardl et al., 2004), hot or cold
temperatures (Redman et al., 2002; Rodriguez et al., 2008b), salinity (Redman et al., 2011;
Rodriguez et al., 2008b), heavy metals (Bilal et al., 2020) and herbivory (Lyons, et al., 1986;
Rodriguez et al., 2009).
Saprotrophy is the utilization of dead tissue as a source of energy, which results in the
decomposition of that tissue. Saprotrophy requires moisture. However, moisture is largely
unavailable in Utah outside of winter and early spring. Therefore, saprotrophs in Utah may be
active under cold conditions. Microorganisms that are capable of this are referred to as
psychrotolerant, psychrotrophic or psychrophilic, arbitrarily depending on their optimal and
maximal temperatures for growth (Morita, 1975; Moyer & Morita, 2007). For convenience, I will
hereafter refer to them as psychrotolerant microorganisms. While not all decomposer
microorganisms are saprotrophs, some decomposers are psychrotolerant (Adams et al., 2006;
Hassan et al., 2016; Stark, 1972) and, therefore, it seems probable that a large fraction of
saprotrophic fungi in Utah are psychrotolerant.
One kind of tradeoff results from partitioning limiting resources among multiple functions.
Tradeoffs have been observed in fungi between growth and enzymatic activity (Zheng et al., 2020),
growth and reproduction (Chan et al., 2019; Zheng et al., 2021) and growth and defense (Siletti et
al., 2017). Another kind of tradeoff results in the inability to simultaneously excel in multiple
processes. For example, some soil microbial communities cannot simultaneously achieve rapid and
efficient growth; they will either be rapidly growing but inefficient, or slowly growing and efficient
(Lipson et al., 2009). Some fungi cannot simultaneously have high extension rates and high
densities (Maynard et al., 2019). Plants active in cool climates generally have a photosynthesis
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physiology adapted to lower temperatures and do not perform well at higher temperatures.
Conversely, plants of warm climates have a photosynthesis physiology adapted to warmer
temperatures and, consequently, do not perform well at lower temperatures. Plants that experience a
fluctuating climate may be able to alter their physiology to accommodate both cool and warm
conditions and so do not experience a tradeoff (Berry & Bjorkman, 1980). Whether or not
endophytic fungi exhibit a tradeoff in saprotrophic ability at contrasting temperatures is unknown.
I previously demonstrated that saprotrophy is a possible mode of nutrition for some
endophytic fungi isolated from Quercus gambelii Nutt. leaves in Utah (Chapter 1). Therefore, I set
out to determine if some of these endophytic fungi are psychrotolerant and, if some are, how much
variability in psychrotolerance exists among them. Additionally, I set out to determine whether
there is a tradeoff in saprotrophic ability between winter and non-winter temperatures.
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Materials and Methods
Study sites and leaf sampling
Q. gambelii Nutt. is widely distributed in Utah between approximately 1,200 and 2,400
meters in elevation (Utah State University Extension, n.d.). In order to sample leaves from across
the elevational range of the species, leaf samples were collected on 8 October 2019 at Slate
Canyon (40.13’30.59”N, 111.37’21.9”W), elevation 1,553 meters, in Provo, Utah, and on 24
September 2019 at Devil’s Kitchen (39.48’12.27”N, 111.41’17.96”W), elevation 2,553 meters,
near Payson, Utah. At Devil’s Kitchen, 15 unblemished leaves were collected from each of 7
trees and, in Slate Canyon, 10 unblemished leaves were collected from each of 6 trees, totalling
165 leaves. All leaves were collected from the exterior of south-facing branches to ensure they
normally received the same amount of direct sunlight. All leaves were grouped by tree sampled,
put into plastic bags, and kept within a cooler on ice until deposited into a laboratory refrigerator
set at 5°C.
Fungal isolation
Leaf surfaces were sterilized by submerging leaves in 70% ethanol for 2 seconds,
promptly submerging them in 3% sodium hypochlorite for 2 minutes (Arnold et al., 2000),
rinsing the leaves by submerging them sequentially in three beakers of sterile water, then
submerging, once more, in 70% ethanol, after which they were placed on a sterile, paper-lined
petri dish to dry.
Each leaf was subsampled using a sterilized paper hole punch, taking care to re-sterilize
the punch between leaves from individual trees. Leaf subsamples were put onto 2% malt extract
agar in petri dishes which were sealed with parafilm and incubated at 17°C. If multiple isolates
emerged from a subsample, each was subcultured onto separate dishes. Once cultures of
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individual isolates had grown to a diameter of about 18mm, dishes were moved to a 5ºC
refrigerator to reduce further growth.
Identification of fungal isolates
Six hundred seventy five fungal isolates were sorted into morphological groups based on
color, hyphal growth pattern and mycelial density. Forty isolates were chosen for study, each of
which was subject to direct PCR using APEX 2 Hotstart Master Mix (Genesee Scientific, El
Cajon, CA, USA), ITS1F and ITS4 primers. The thermal cycling program included activation at
95 ℃ for 15 minutes followed by 30 cycles of denaturation (95℃, 30 seconds), annealing (55℃,
30 seconds), and extension (72℃, 48 seconds), then ended with a final extension (72℃, 7
minutes). Amplicons were cleaned using exonuclease I and shrimp alkaline phosphatase (New
England BioLabs, Ipswich, MA, USA) and sent to the BYU DNA Sequencing Center
(https://biology.byu.edu/dnasc) for Sanger sequencing. Sequences were trimmed to exclude
quality scores below 10 in CodonCode Aligner (CodonCode Corporation, Centerville, MA,
USA, v. 9.0.1). The average trimmed sequence length was approximately 530 bp. Sequences
were then searched against the NCBI database using BLASTn to identify fungal taxa. I assumed
a 97% identity for species matches. This method resulted in the identification of 15 unique taxa:
Apiognomonia errabunda (Roberge ex Desm.) Höhn, Cladosporium herbarum (Pers.) Link Ex
S. F. Gray, Cladosporium sinuosum K. Schub., C.F. Hill, Crous & U. Braun,, Coniochaeta
polymorpha Z.U. Khan, J.P. Guarro & S. Ahmad, Antonie van Leeuwenhoek,, Fimetariella
rabenhorstii (Niessl) N. Lundq., Ophiognomonia quercus-gambelii (M. Monod) D.M. Walker,
Ophiognomonia setacea (Pers.) Sogonov, Parafenestella sp. 1, Pyronema omphalodes Bull.
(Fuckel), Saccothecium rubi Jayasiri, Wanasinghe, Camporesi & K.D. Hyde, Tricharina cretea
(Cooke) K.S.Thind & Waraitch, Cladosporium sp. 1, Coniochaeta sp. 1, Helotiales 1 and
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Venturiaceae 1. Some isolates were not identified to species, including isolates in the genera
Cladosporium, Coniochaeta, Parafenestella and Ophiognomonia. One isolate could only be
identified to the order Helotiales and another to the family Venturiaceae.
Determining psychrotolerance
I quantified the psychrotolerance of each of the 40 isolates. Fungal inoculum agar plugs
from the outer edges of mature cultures of each isolate were subcultured onto eight replicate petri
dishes of each of two treatments: 1) control medium containing starter glucose, 2) leaf medium
containing ground leaves and starter glucose. Two hundred milliliters of control medium
contained 0.400g glucose, 1.784g agar, 0.092g peptone, 0.2ml of 300g CaCl2 L-1, 2.0 ml of 30g
KH2PO4 L-1, and 0.2ml of a solution containing 5g MgSO4 L-1, 3.7g FeSO4 L-1, 1.4g MnSO4 L-1
and 3.7gZnSO4 L-1. Two hundred milliliters of leaf medium additionally contained 1.436g of
ground Q. gambelii leaves (using a 2 mm sieve in a Resch Cyclone Mill) that were collected
from the forest floor in the summer of 2020 from the Slate Canyon site. Four petri dishes of each
treatment were wrapped in parafilm and placed into either a 17oC incubator or a 5oC refrigerator.
Growth rates were determined at 49-53 d, when the agar of each dish was melted in
boiling water for 10 min, the freed mycelia were dried on a lab bench at room temperature for 24
hours and weighed, and the mycelium biomass was divided by the elapsed time, which assumes
that the initial dry weights were zero.
I defined psychrotolerance as saprotrophic ability at 5°C, which is relevant to cool season
conditions. I considered saprotrophic ability to be the difference between growth rate on leaf
medium and growth rate on control medium. To calculate the error associated with that
difference for each isolate, I computed the differences of all 16 possible combinations of the four
replicates of each treatment. Four differences were randomly sampled with replacement 1000
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times to bootstrap a frequency distribution of the difference, and the mean, standard deviation
and 95% confidence intervals were determined in R (R Core Team, 2018). The R script is
provided in the supplemental materials. If this difference was significantly greater than zero, I
considered the isolate to be psychrotolerant.
Statistical analysis
Means and standard deviations obtained from the R script were used to perform an
analysis of variance using the website https://acetabulum.dk/anova.html to analyze the variation
in psychrotolerance among isolates. A second analysis of variance was performed using Minitab
(Minitab, 2010) to determine if psychrotolerance differed among species, using isolates within
species as replicates.
To test hypothesis 3, I performed a linear correlation of saprotrophic abilities of isolates
at 17°C and 5°C. I also performed a rank-order correlation of saprotrophic abilities of isolates at
17°C and 5°C. P values, r values, and ⍴ values were obtained through SigmaPlot for Windows,
Version 11.0 (Systat Software, 2008).

Results
Four of the 40 isolates (QGsun2.2.A, Ophiognomonia setacea; QGsun5.7.A.4,
Coniochaeta sp.; QGsun4.9.A.2.1, Pryonema omphalodes; QG6.6.A.1, Ophiognomonia setacea)
were not psychrotolerant. The other 36 isolates were psychrotolerant. Moreover, there was
significant variation in psychrotolerance among these isolates (Figure 1). The analysis of
variance indicated that isolate was a significant factor (p = 6.42e-60) and accounted for 94.7% of
total variability, while the variability among replicates within an isolate accounted for only
approximately 5% (Table 1).
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The analysis of variance of psychrotolerance of the three fungal species comprising more
than one isolate (Table 2) indicated that species was not a significant factor (p = 0.146). Species
accounted for 16% of the total variability, while isolates within species accounted for 84% of
total variability (Table 2).
The correlation between the saprotrophic ability of isolates at 17°C and 5℃ was
significant (p = 0.0003), and r was 0.5434 (Figure 3). Also, the correlation between ranked
saprotrophic ability of isolates at 17°C and 5℃ was significant (p < 0.0001), and ⍴ was 0.630
(Figure 4).

Discussion
All but four of the 40 isolates were psychrotolerant. Thus, psychrotolerance would appear
to be common among Q. gambelii endophytic fungal isolates. However, because I do not know
whether I isolated all endophytic fungi from Q. gambelii, I cannot say just how common
psychrotolerance is. Some endophytic fungi in Q. gambelii leaves may be obligate biotrophs and
cannot be isolated.
While members of a given species are generally considered to be functionally similar
(Hutchinson, 1957), that does not seem to be the case in my study with respect to
psychrotolerance, at least with the three species I analyzed. Among these three species, I found
that the vast majority of variation in psychrotolerance was attributed to isolate within species,
rather than species. Thus, knowing the species will not be particularly useful in predicting the
psychrotolerance of the particular fungal isolate.
If psychrotolerance were ecologically important, one would expect it to be consistent
within a species. One possible reason for the large degree of variation in psychrotolerance among
isolates within a species is that psychrotolerance in these endophytic fungi is ecologically
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irrelevant. The relevance of psychrotolerance could be determined by examining the activity of
these fungi in litter during the winter and early spring, which I did not do. On the other hand,
psychrotolerance could be ecologically relevant even while our results suggested the opposite. I
defined psychrotolerance as the ability to utilize oak litter as an energy source at 5oC, but it is not
clear that these fungi isolated from oak leaves occur only in oak leaves. It is possible that some
of them prefer other types of litter in which growth at 5oC is quite different from that in oak litter
due to variation in litter chemistry, such as tannin concentration. When determined with their
preferred litter types, psychrotolerance might possibly be more conserved within a fungal species
more than when determined on oak litter only.
I set out to determine if there would be a tradeoff between saprotrophic ability at 17oC
and that at 5oC. Both Pearson and Spearman correlations were characterized by significant and
positive slopes. Therefore, there was no tradeoff in saprotrophic ability at 17oC with saprotrophic
ability at 5oC, which is somewhat unexpected given the evidence of such a performance tradeoff
at different temperatures among important physiological processes such as photosynthesis (Berry
and Bjorkman 1980; Zhang et al., 2017). Although the Spearman’s rank correlation was positive,
the ⍴ of 0.630 indicates that the rank order of isolate saprotrophic ability at 17oC was generally

not the same as the rank order of isolate saprotrophic ability at 5oC. Therefore, the fungal isolate
composition and the relative abundance of isolates is expected to shift somewhat as temperatures
shift.
Endophytic fungi that are capable of saprotrophy have priority (Fukami, 2015) over nonendophytic decomposer fungi in capturing resources in litter because they are already present
when living tissues become litter. Psychrotolerance in saprotrophic endophytic fungi may further
enforce the priority effect as this allows the fungi to obtain resources from litter during the
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winter, prior to non-psychrotolerant decomposer fungi, which can only become active when
warmer conditions arise. There are, undoubtedly, psychrotolerant, non-endophytic, saprotrophic
fungi, but I have not assessed their role in litter decomposition. My work would be enhanced by
future studies to compare the psychrotolerance of endophytic fungal isolates with those of
psychrotolerant non-endophyte decomposer fungi. Despite the priority enjoyed by
psychrotolerant, saprotrophic endophytic fungi, the relative contribution to the decomposition of
leaf litter and nutrient cycling of endophytic fungi remains unknown. In fact, in arid systems,
such as the Q. gambelii forests of the Great Basin, the relative contribution of microbial litter
decomposition and decomposition due to UV radiation (Pancotto et al., 2005) are not known.
As with all laboratory studies, the ecological relevance of these results should be
carefully evaluated. This study was carried out in the laboratory under constant temperature,
presumably without moisture or nutrient limitation, and with every isolate grown separately, all
conditions that are not likely to occur under field conditions. Because I do not know how these
factors influence psychrotolerance of a given isolate, it is not clear the extent to which my results
are relevant to the psychrotolerance of the various isolates in the field.
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Tables and Figures

Figure 2.1. Psychrotolerance among isolates. Error bars are 95% confidence intervals.
Table 2.1. ANOVA table for psychrotolerance among isolates.
Source

df

ss

ms

f value

p value

Among
isolates

39

8.8673

0.22737

54.6571

6.42e-60

Within
isolates

120

0.4992

0.00416

Total

159

9.3664
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Figure 2.2. Psychrotolerance among isolates, grouped by species. Blue is A. errabunda, red is O.
quercus-gambelii, green is O. setacea, and white are species with a single isolate. Error bars are
95% confidence intervals.
Table 2.2. ANOVA table for psychrotolerance among species. Species comprising a single
isolate were not included.
Source

df

adj ss

adj ms

f value

p value

Among
species

2

0.1728

0.08641

2.10

0.146

Within
species

22

0.9042

0.04110

Total

24

1.0770

31

Figure 2.3. Plot of saprotrophic abilities among isolates at 17°C and 5°C. Blue is A. errabunda,
red is O. quercus-gambelii, green is O. setacea, and white are species comprising a single isolate.

Figure 2.4. Plot of rank of saprotrophic abilities among isolates at 17°C and 5°C. Blue is A.
errabunda, red is O. quercus-gambelii, green is O. setacea, and white are species comprising a
single isolate.
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Supplemental Materials
glucose.vec = c(PASTE HORIZONTAL ARRAY HERE, ADDING COMMAS BETWEEN
VALUES)
treatment.vec = c(PASTE HORIZONTAL ARRAY HERE, ADDING COMMAS BETWEEN
VALUES)
treatment.vec
glucose.vec
combinations = expand.grid(treatment.vec,glucose.vec)
combinations
treatment.comb = combinations[c(1:1)]
glucose.comb = combinations[c(2:2)]
treatment.comb
glucose.comb
difs = treatment.comb-glucose.comb
difs.vec = difs[,1]
BootstrapMean = function(X=difs.vec){
x.boot=sample(X, size=4, replace=T)
mean(x.boot) }
N = 1000
boot.replicate = replicate(1000, BootstrapMean() )
stat = rep(NA, N)
for (i in 1:N){
stat[i] = BootstrapMean()}
par(mfrow=c(1,2))
hist(stat)
abline(v=mean(difs.vec), lwd=2, col = "red")
hist(boot.replicate)
abline(v=mean(difs.vec), lwd=2, col = "red")
BootstrapMean()
mean(difs.vec)
mean = mean(stat)
mean
stddev = sd(stat)
SE = (sd(stat)/sqrt(4))
SE
error = qnorm(0.975)*stddev/sqrt(4)
left = mean-error
right = mean+error
list (mean, stddev, left, right)
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Table S1. Isolate name and species identity.
Isolate name

Species name

QG2.9

Ophiognomonia setacea

QG3.3.A

Cladosporium sp.

QG3.6.A.1

Ophiognomonia setacea

QG4.1.R1

Ophiognomonia setacea

QG5.12.A.1

Tricharina cetea

QG5.4.A

Ophiognomonia setacea

QG5.8.A.2

Saccothecium rubi

QG5.9.A

Ophiognomonia setacea

QG6.6.A.1

Ophiognomonia setacea

QG6.7.A

Cladosporium herbarum

QG7.10

Ophiognomonia setacea

QG7.10.A

Helotiales 1

QG7.10.A.3

Cladosporium sp.

QGshd1.10.1

Ophiognomonia setacea

QGshd1.7.A.4.1

Ophiognomonia quercusgambelii

QGshd1.7.A.4.2

Ophiognomonia sp.

QGshd1.9.A.R2

Cladosporium sinuosum

QGshd2.3.A.2

Ophiognomonia setacea

QGshd3.4.A.1

Ophiognomonia setacea

QGshd3.6.2

Apiognomonia errabunda

QGshd3.9.A.2

Apiognomonia errabunda
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QGshd5.3.A.1

Ophiognomonia quercusgambelii

QGshd5.9.A.1

Ophiognomonia setacea

QGsun1.6.A.2

Ophiognomonia quercusgambelii

QGsun1.8.A.1.1

Ophiognomonia sp.

QGsun2.2.A

Ophiognomonia setacea

QGsun2.2.A.1

Ophiognomonia setacea

QGsun2.9.A.3

Ophiognomonia setacea

QGsun3.10.2

Ophiognomonia setacea

QGsun3.10.A

Fimetariella rabenhorstii

QGsun4.2.A

Venturiaceae 1

QGsun4.5.A.1

Apiognomonia errabunda

QGsun4.9.A.2.1

Pryonema omphalodes

QGsun5.2

Parafenestella sp

QGsun5.3.A

Ophiognomonia setacea

QGsun5.5.A.2.2

Ophiognomonia setacea

QGsun5.7.A.4

Coniochaeta sp.

QGsun6.6.A

Coniochaeta polymorpha

QGsun6.8

Apiognomonia errabunda

QGsun6.9

Ophiognomonia setacea
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Chapter 3
Radial Growth vs. Biomass Accumulation Among Endophytic Fungi

Abstract
In past saprotrophic growth studies of endophytic fungi isolated from Quercus gambelii, I
observed significant differences in growth pattern among isolates. Some isolates grew radially
rapidly while others grew radially slowly. Additionally, some appeared to accumulate a great
deal of biomass while others did not. Radial growth rate is important for rapidly capturing a new
piece of litter, while biomass accumulation may be important in maintaining competitive
dominance. Because radial growth inherently produces biomass, there is a positive correlation
between radial growth and biomass accumulation for a given isolate. Lack of a positive
correlation across isolates suggests that variation occurs among isolates in the density of their
mycelia. I found a positive but poor correlation between radial growth rate and biomass
accumulation rate at 5oC among isolates and no significant correlation at 17oC. These results are
consistent with significant variation in mycelium density at both temperatures and, therefore,
confirm that some species may be better at rapidly colonizing litter while others may be better at
retaining litter that has been colonized.
Introduction
Endophytic fungi have been observed in all terrestrial plant species investigated thus far
(Arnold et al., 2000). The functional relationship of an endophytic fungus to its host plant is
context-dependent and can range from mutualistic to pathogenic. Some endophytic fungi are
pathogenic in some hosts and not in others (Redman et al., 2001), or only cause disease under
certain environmental conditions (Sieber, 2007), and the same is true for mutualistic endophytic
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fungi (Rodriguez et al., 2008a). Some benefits to the host plant include improved seed
germination (Shearin et al., 2018), increased vegetative growth (Redman et al., 2001), and
increased tolerance to stresses such as drought (Malinowski & Belesky, 2000; Schardl et al.,
2004), hot or cold temperatures (Redman et al., 2002; Rodriguez et al., 2008b), salinity (Redman
et al., 2011; Rodriguez et al., 2008b), heavy metals (Bilal et al., 2020) and herbivory (Lyons, et
al., 1986; Rodriguez et al., 2009).
These isolates are likely class 3 endophytes, which colonize live plant tissues but grow
only poorly within them. Thus, they are likely to be poor biotrophs, so the characteristics of their
growth in living plant tissues may not be very important. I previously demonstrated that
saprotrophy is a possible mode of nutrition for some endophytic fungi isolated from Quercus
gambelii Nutt. leaves in Utah (chapter 1). Therefore, upon leaf senescence, saprotrophic isolates
may compete with one another to colonize leaf litter. Under this circumstance, characteristics of
growth in plant litter are important. I noticed in previous studies that some isolates grew radially
quite rapidly while others grew radially only slowly. Additionally, some isolates accumulated a
great deal of biomass while others did not. Rapid radial growth and rapid biomass accumulation
both have potential advantages and disadvantages. Fungi that grow radially rapidly may be able
to capture a resource before other fungi, but if they cannot maintain possession of the resource,
such as by efficiently filling space by producing a dense mycelium, they may eventually lose the
competition (Wu et al., 1999).
As a fungus grows, there is a positive correlation between radial growth and biomass
accumulation. Lack of a positive correlation across isolates suggests that variation occurs among
isolates in the density of their mycelia. I, therefore, set out to test the hypothesis that among
isolates there is a positive correlation between radial growth rate and biomass accumulation rate

42

to determine whether there exists significant variation in mycelium density and, therefore, the
ability to maintain a litter source once captured.
Materials and Methods
Study sites and leaf sampling
Q. gambelii Nutt. is widely distributed in Utah between approximately 1,200 and 2,400
meters in elevation (Utah State University Extension, n.d.). In order to sample leaves from across
the elevational range of the species, leaf samples were collected on 8 October 2019 at Slate
Canyon (40.13’30.59”N, 111.37’21.9”W), elevation 1,553 meters, in Provo, Utah, and on 24
September 2019 at Devil’s Kitchen (39.48’12.27”N, 111.41’17.96”W), elevation 2,553 meters,
near Payson, Utah. At Devil’s Kitchen, 15 unblemished leaves were collected from each of 7
trees and, in Slate Canyon, 10 unblemished leaves were collected from each of 6 trees, totaling
165 leaves. All leaves were collected from the exterior of south-facing branches to ensure they
normally received the same amount of direct sunlight. All leaves were grouped by tree sampled,
put into plastic bags, and kept within a cooler on ice until deposited into a laboratory refrigerator
set at 5°C.
Fungal isolation
Leaf surfaces were sterilized by submerging leaves in 70% ethanol for 2 seconds,
promptly submerging them in 3% sodium hypochlorite for 2 minutes (Arnold et al., 2000),
rinsing the leaves by submerging them sequentially in three beakers of sterile water, then
submerging, once more, in 70% ethanol, after which they were placed on a sterile, paper-lined
petri dish to dry.
Each leaf was subsampled using a sterilized paper hole punch, taking care to re-sterilize
the punch between leaves from individual trees. Leaf subsamples were put onto 2% malt extract
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agar in petri dishes which were sealed with parafilm and incubated at 17°C. If multiple isolates
emerged from a subsample, each was subcultured onto separate dishes. Once cultures of
individual isolates had grown to a diameter of about 18mm, dishes were moved to a 5ºC
refrigerator to reduce further growth.
Identification of fungal isolates
Six hundred seventy five fungal isolates were sorted into morphological groups based on
color, hyphal growth pattern and mycelial density. Forty isolates were chosen for study, each of
which was subject to direct PCR using APEX 2 Hotstart Master Mix (Genesee Scientific, El
Cajon, CA, USA), ITS1F and ITS4 primers. The thermal cycling program included activation at
95 ℃ for 15 minutes followed by 30 cycles of denaturation (95℃, 30 seconds), annealing (55℃,
30 seconds), and extension (72℃, 48 seconds), then ended with a final extension (72℃, 7
minutes). Amplicons were cleaned using exonuclease I and shrimp alkaline phosphatase (New
England BioLabs, Ipswich, MA, USA) and sent to the BYU DNA Sequencing Center
(https://biology.byu.edu/dnasc) for Sanger sequencing. Sequences were trimmed to exclude
quality scores below 10 in CodonCode Aligner (CodonCode Corporation, Centerville, MA,
USA, v. 9.0.1). The average trimmed sequence length was approximately 530 bp. Sequences
were then searched against the NCBI database using BLASTn to identify fungal taxa. I assumed
a 97% identity for species matches. This method resulted in the identification of 15 unique taxa:
Apiognomonia errabunda (Roberge ex Desm.) Höhn, Cladosporium herbarum (Pers.) Link Ex
S. F. Gray, Cladosporium sinuosum K. Schub., C.F. Hill, Crous & U. Braun,, Coniochaeta
polymorpha Z.U. Khan, J.P. Guarro & S. Ahmad, Antonie van Leeuwenhoek,, Fimetariella
rabenhorstii (Niessl) N. Lundq., Ophiognomonia quercus-gambelii (M. Monod) D.M. Walker,
Ophiognomonia setacea (Pers.) Sogonov, Parafenestella sp. 1, Pyronema omphalodes Bull.
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(Fuckel), Saccothecium rubi Jayasiri, Wanasinghe, Camporesi & K.D. Hyde, Tricharina cretea
(Cooke) K.S.Thind & Waraitch, Cladosporium sp. 1, Coniochaeta sp. 1, Helotiales 1 and
Venturiaceae 1. Some isolates were not identified to species, including isolates in the genera
Cladosporium, Coniochaeta, Parafenestella and Ophiognomonia. One isolate could only be
identified to the order Helotiales and another to the family Venturiaceae.
Determining radial growth rate and biomass accumulation rate
Fungal inoculum agar plugs from the outer edges of mature colonies of each isolate were
subcultured onto eight replicate petri dishes of a leaf medium containing ground leaves and
starter glucose. Two hundred milliliters of control medium contained 0.400g glucose, 1.784g
agar, 0.092g peptone, 0.2ml of 300g CaCl2 L-1, 2.0 ml of 30g KH2PO4 L-1, and 0.2ml of a
solution containing 5g MgSO4 L-1, 3.7g FeSO4 L-1, 1.4g MnSO4 L-1 and 3.7gZnSO4 L-1. Two
hundred milliliters of leaf medium additionally contained 1.436g of ground Q. gambelii leaves
(using a 2 mm sieve in a Resch Cyclone Mill) that were collected from the forest floor in the
summer of 2020 from the Slate Canyon site. The petri dishes were wrapped in parafilm. One set
of four was placed into a 17oC incubator, the other into a 5oC refrigerator.
Colony radial growth rates were determined by measuring the distance between the edge
of the original fungal inoculum plug to the outer edge of the colony when it had reached
approximately one quarter to one half of the way toward the outer edge of the petri dish, and
dividing that distance by the elapsed period of time. Biomass accumulation rates were
determined at 49-53 d, when the agar of each dish was melted in boiling water for 10 min, the
freed mycelia were dried on a lab bench at room temperature for 24 hours and weighed, and the
mycelium biomass was divided by the elapsed time, which assumes that the initial dry weights
were zero.
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In this study, I am interested only in saprotrophic endophytic fungi because the
correlation between radial growth and biomass accumulation is most relevant when fungal
isolates compete in litter as saprotrophs. Therefore, I used the means of replicate growth rates
(either radial growth rate or biomass accumulation rate) of each isolate on leaf medium.
Statistical analysis
I used the means of growth rate, both in terms of biomass accumulation rate and radial
growth rate, in linear correlations of raw data for isolates grown at both 5°C and 17°C. P values
and r values were obtained through SigmaPlot for Windows, Version 11.0 (Systat Software,
2008).
Results
At 17°C, the correlation between biomass accumulation rate (mg d-1) and radial growth
rate (mm d-1) was not significant (p = 0.2682, Figure 1).
At 5°C, the correlation between biomass accumulation rate (mg d-1) and radial growth
rate (mm d-1) was significant (p = 0.0086) and r was 0.4102 (Figure 2).
Discussion
Success for a saprotrophic fungal species often requires that it successfully obtain
sufficient resources to support reproduction while in the presence of other saprotrophic species.
One strategy for increasing the likelihood of that is to colonize litter before other species. For
example, endophytic saprotrophs may have a competitive edge against non-endophytic
saprotrophs in that they occupy live plant tissues and so pre-colonize litter before nonendophytes are able to. However, being the first to colonize tissues does not guarantee long-term
success. For example, fast growing ectomycorrhizal fungi colonize roots before slow growing
ectomycorrhizal fungi, but the slow growers may yet outcompete the fast growers (Wu et al.,
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1999). Thus, it seems reasonable to hypothesize that, among endophytic saprotrophic fungi, there
will be a range of strategies employed to ensure success, from fast growing but ultimately less
competitive species, to slow growing but ultimately more competitive species. To make this
comparison, I characterized growth in two ways: radial growth (as a measure of the rapidity with
which litter can be colonized), and biomass growth (as a measure of ultimate competitive
ability). Species with high radial growth rate but low biomass growth rate have low biomass
density and are assumed to be rapid colonizers but poor competitors, while those with low radial
growth rate and high biomass growth rate have high biomass density and are assumed to be slow
colonizers but ultimately better competitors.
At 5oC, I found a significant but weak correlation between the radial growth rate and the
biomass accumulation rate among the 40 isolates of endophytic fungi. At 17oC, there was not a
significant correlation between the radial growth rate and the biomass accumulation rate. This
indicates that at both temperatures, radial growth rates and biomass densities varied markedly. It
seems likely, therefore, that that some species find success by rapidly colonizing litter, while
others find success by delaying colonization but ultimately competitively excluding the earlier
colonizing species with lower biomass density. Therefore, I predict that a succession of
saprotrophic fungi will occur in litter as a result of variation in growth strategies, which
ultimately permits a great diversity of fungal species to exist in the same piece of litter. Other
researchers have observed a succession of saprotrophic fungi in decomposing litter
(Hättenschwiler et al., 2005; Osono et al., 2009; Voriskova et al., 2013), but the role of growth
strategies has not been tested. Other factors that appear to be important include enzyme
production and changes in litter chemistry during decomposition (Hättenschwiler et al., 2005;
Osono et al., 2009).
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A logical extension of this work would be to study fungal succession during the earliest
stages of litter decomposition to determine the extent to which my prediction of fungal
succession based on growth strategy is correct. It is possible, of course, that my prediction is
incorrect because the conditions under which it was developed were artificial. The growth media
in this study contained all mineral nutrients required for growth, but the availability of nutrients
in a field setting may limit the range of expression of the growth strategies I observed in the
laboratory.
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Tables and Figures

Figure 3.1. Plot of biomass accumulation rate (mg d-1) and radial growth rate (mm d-1) of isolates
by species at 17oC. Blue points are Apiognomonia errabunda, red points are Opiognomonia
quercus-gambelii, green points are Opiognomonia setacea, and white points are species
comprising a single isolate.
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Figure 3.2. Plot of biomass accumulation rate (mg d-1) and radial growth rate (mm d-1) of isolates
by species at 5oC. Blue points are Apiognomonia errabunda, red points are Opiognomonia
quercus-gambelii, green points are Opiognomonia setacea, and white points are species
comprising a single isolate.
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Supplemental Materials
Table S1. Isolate name and species identity.
Isolate name

Species name

QG2.9

Ophiognomonia setacea

QG3.3.A

Cladosporium sp.

QG3.6.A.1

Ophiognomonia setacea

QG4.1.R1

Ophiognomonia setacea

QG5.12.A.1

Tricharina cetea

QG5.4.A

Ophiognomonia setacea

QG5.8.A.2

Saccothecium rubi

QG5.9.A

Ophiognomonia setacea

QG6.6.A.1

Ophiognomonia setacea

QG6.7.A

Cladosporium herbarum

QG7.10

Ophiognomonia setacea

QG7.10.A

Helotiales 1

QG7.10.A.3

Cladosporium sp.

QGshd1.10.1

Ophiognomonia setacea

QGshd1.7.A.4.1

Ophiognomonia quercusgambelii

QGshd1.7.A.4.2

Ophiognomonia sp.

QGshd1.9.A.R2

Cladosporium sinuosum

QGshd2.3.A.2

Ophiognomonia setacea

QGshd3.4.A.1

Ophiognomonia setacea

QGshd3.6.2

Apiognomonia errabunda
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QGshd3.9.A.2

Apiognomonia errabunda

QGshd5.3.A.1

Ophiognomonia quercusgambelii

QGshd5.9.A.1

Ophiognomonia setacea

QGsun1.6.A.2

Ophiognomonia quercusgambelii

QGsun1.8.A.1.1

Ophiognomonia sp.

QGsun2.2.A

Ophiognomonia setacea

QGsun2.2.A.1

Ophiognomonia setacea

QGsun2.9.A.3

Ophiognomonia setacea

QGsun3.10.2

Ophiognomonia setacea

QGsun3.10.A

Fimetariella rabenhorstii

QGsun4.2.A

Venturiaceae 1

QGsun4.5.A.1

Apiognomonia errabunda

QGsun4.9.A.2.1

Pryonema omphalodes

QGsun5.2

Parafenestella sp

QGsun5.3.A

Ophiognomonia setacea

QGsun5.5.A.2.2

Ophiognomonia setacea

QGsun5.7.A.4

Coniochaeta sp.

QGsun6.6.A

Coniochaeta polymorpha

QGsun6.8

Apiognomonia errabunda

QGsun6.9

Ophiognomonia setacea
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